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In Double-Walled-Carbon-Nanotubes (DWCNTs) the outer shell screens the inner one from
the external environment. As a consequence, the electronic properties of the smaller tube
are enhanced and DWCNTs have therefore been advocated for a number of uses. In their
raw form they may contain small metallic clusters, left over from the catalytic process, that
can give them a redox activity characterized by redox potentials in the range of one
hundred millivolts and able to affect biological systems. Indeed, we find that redox active
raw-DWCNTs inhibit rat colorectal cancer cell proliferation by blocking cells in the G2
phase through ROS generation by tumor cells. We show that raw-DWCNTs could also
modulate autophagy in tumor cells through induction of intracellular acidification. To
the best of our knowledge, this is the first time that DWCNTs have been found to inhibit
proliferation and modulate autophagy in cancer cells. Our work further supports previous
studies that provided promising results on the possibility of future applications of Carbon
Nanotubes (CNTs) in nanomedicine.1. Introduction
The electrical properties of Carbon Nanotubes (CNTs) make
them attractive for biomedical applications, especially when
‘‘electrically active’’ cells and/or tissues need to be interfacedwith conductive nanomaterials in order to be stimulated for
growth, proliferation and repair. Several studies, focusing on
the capacity of these nanomaterials to interact with electro-
sensitive cells showed the potential of different CNT types
as useful nano-tools exploitable in neuronal networks and.
for the purpose of healing neurological and brain-related
injuries [1–9].
Recently, also some cellular ‘‘charge-sensitive’’ parameters
(pH, membrane polarity, organization of the cytoscheleton
network) in cell types other than electro-sensitive neuronal
cells, such as peripheral blood monocyte-derived macro-
phages and platelets, were shown to be affected by the
contact with highly electro-conductive Multi-Walled-
Carbon-Nanotubes (MWCNTs) [10]. It was hypothesized that
changes in cell membrane electrical properties triggered
molecular signaling pathways leading to cell activation and
inflammatory molecule secretion. Moreover, it was observed
that highly electro-conductive MWCNTs modify calcium
homeostasis in several cell types, providing evidence for a
cationic exchange ability of MWCNTs due to the sorption of
divalent ions on their surface [11].
Metallic impurities (Co, Mo, and Fe) can affect the electro-
chemical behavior of CNTs [12]. The presence of residual
metal catalyst impurities could hinder the development of
CNT-based biomedical applications [13] because of the proved
toxicity of typical catalyst nanoparticles. However, the same
metals could play a biologically important role at the interface
between nanotubes and cell compartments. In fact, CNTs,
due to the presence of electro-catalytic metals, possess the
ability to mediate electron transfer with electro-active species
in solution [14]. CNTs are able to promote the electron-
transfer reactions of important biomolecules, including
cytochrome c, NADH, catecholamine neurotransmitters, or
ascorbic acid [15–18] together with a number of additional
compounds, including halothane, amino acids, peptides, glu-
cose, and hydrogen peroxide [19–21]. We investigated the
effect of the impurities on the electrochemical and biological
properties of CNTs, by analyzing cancer cell response to CNTs
before and after purification.
2. Experimental
2.1. Synthesis and characterization of carbon nanotubes
Double-Walled Carbon Nanotubes (DWNTs) were synthesized
by Catalytic Chemical Vapor Deposition (CCVD) as described
earlier [22] and detailed in Supplementary Methods. The
raw sample contained carbon-encapsulated ferromagnetic
cobalt nanoparticles (Co@C) that were synthesized spontane-
ously during CCVD. For the sake of comparison and to prepare
control samples, carbon-encapsulated Co nanoparticles
(Co@C) were also prepared by CCVD, using different CCVD
conditions, as described elsewhere [23] and detailed in Sup-
plementary Methods. The so-obtained nanocomposite pow-
der was then treated with a concentrated aqueous HCl
solution to dissolve the unreacted catalyst as well as non-
protected metal nanoparticles, as in the case of CNTs. As ref-
erence material, purified DWCNTs and very pure pyrolytic
graphite particles from graphitized carbon black (LCSM
UMR7555 CNRSUHP Groupe MSC, Nancy, France) were used.
Purified DWCNTs were prepared by heating in air at 500 C
for 30 min. and followed by HCl washing. The samples were
sterilized by heating at 180 C, washed three times in distilled
water, then suspended in Phosphate Buffered Saline (PBS) at astock concentration of 1 mg/ml. Dispersion was performed
through a 12 h gently sonication, in a bath sonicator at the
lowest power, and the particles were analyzed or put into
the cell cultures for cell treatment immediately after
sonication.
Full characterization of these CNTs was performed by
Transmission Electron Microscopy (TEM), Raman Spectros-
copy and Elemental analysis.
2.2. Rat tumor cell line and in vitro treatments
DHD/K12/Trb cell line, originally established from 1,2-dimeth-
ylhydrazine-induced colon adenocarcinoma in syngeneic
BDIX rats, was obtained from the European Collection of Cell
Culture (ECACC, Salisbury, UK), and maintained in culture as
described in Supplementary Methods. For treatments, cells
were seeded at a density of 6 x 104/cm2 and were maintained
in culture for 24 h prior to treatments. Cells were treated with
30 lg/ml of raw-DWCNTs (or of pyrolytic graphite carbon par-
ticles for reference), a concentration selected as the lowest
effective dose in preliminary dose–response experiments,
and examined after 6 h and 24 h treatment. The effects of
purified-DWCNTs and Co@C on DHD/K12/Trb cells have been
analyzed at the same time points, using the concentrations of
30 and 60 lg/ml. For microscopic analyses, cells were grown
on cover-slips.
2.3. Cell viability, cell proliferation and cell cycle analyses
Cell viability was determined at 6 h and 24 h treatment, based
on the Trypan blue exclusion method. Cell proliferation was
assessed by evaluating the mitotic index (MI) and the percent-
age of cells exhibiting positivity for the proliferation marker
Ki67, as detailed in Supplementary Methods. Quantitative
assessment was done in a blinded fashion under a LEICA
TCS SP5 Confocal Laser Scanning Microscopy (CLSM, Leica
Instruments, Mannheim, Germany). A minimum of 500
cells/sample were counted and results were given as percent-
age of cells in mitosis.
The effects on the cell cycle were examined by cytofluori-
metric analysis of DNA content after propidium iodide (PI)
staining. Samples were analyzed using the flow cytometer
FACS-Scan (Becton Dickinson). The block in the G2 phase
has been also evaluated after immunofluorescent staining
of Ki67 that has been reported to localize at nucleolar level
in the G2 interphase [24]. The percentage of cells exhibiting
nucleolar Ki67 positivity was obtained analyzing, in a blinded
fashion, a minimum of 500 cells/sample by CLSM.
2.4. Evaluation of apoptosis induction by TUNEL assay
TUNEL assay for in situ apoptosis detection was performed by
using the ‘‘In situ Cell Death Detection Kit’’ (Roche, Germany),
according to the manufacturer’s instructions. Details on the
method and materials used are reported in Supplementary
Methods. Cells treated with 4 lM Staurosporine for 18 h were
used as positive control of apoptosis induction. Samples was
observed by CLSM. For the quantitative assessment analysis,
a minimum of 500 nuclei/sample were counted in a blinded
fashion and results were given as percentage of cells exhibit-
ing nuclear TUNEL staining.
2.5. Analysis of the intracellular pH
Intracellular pH changes were evaluated using the acidotropic
probe LysoSensor Green DND-189 (Molecular Probes), as pre-
viously described [10], and detailed in Supplementary Meth-
ods. This probe, that freely passes through cell membranes
and typically concentrates in acidic organelles exhibits a
pH-dependent increase or decrease in fluorescence intensity
upon intracellular acidification or alkalinization, respectively.
The changes in fluorescence intensity of LysoSensor probe
were recorded by confocal microscopy in Live Data Mode
acquisition, as detailed in Supplementary Methods. The
quantitative analyses were performed using the Leica appli-
cation suite for advanced fluorescence (LasAF) software (Leica
Instruments).
2.6. Immunocytochemical analysis
Immunocytochemical analysis was carried out on cells fixed
with 4% paraformaldehyde (Sigma–Aldrich) and permeabili-
zed with 0.2% Triton X-100 (Sigma–Aldrich). Immunofluores-
cence staining was performed using the primary antibodies
against Ki67, b-catenin, and E-cadherin, detailed in Supple-
mentary Table 1. Primary antibodies were detectedwith Alexa
Fluor 488-conjugated anti-mouse or anti-rabbit IgG (Molecular
Probes). Cell nuclei were visualized by staining with 2 g/ml PI
plus 0.1 mg/ml RNase (Sigma–Aldrich). Samples were
observed by CLSM.
2.7. Quantitative Reverse Transcription Polymerase Chain
Reaction (QPCR)
Transcription levels of E-cadherin, b-catenin, c-Myc and Cyclin-
D1 genes were evaluated by QPCR in untreated controls and
in cells treated with 30 lg/ml raw-DWCNTs or pyrolytic
graphite carbon particles for reference, at times ranging from
1 h to 48 h. Sequences of primers and details on the method
used are reported in Supplementary Table 1 and in Supple-
mentary Methods. Quantitative RT-PCR sample value was
normalized for the expression of b-actin mRNA. The relative
level for each gene was calculated using the 2DDCt method
[25] and was reported in arbitrary units.
2.8. Autophagy analysis by confocal microscopy
Autophagy was evaluated by analyzing the redistribution at
level of cytoplasmic vacuoles of the autophagy membrane
marker LC3. Cells grown on cover-slips and treated with
raw-DWCNTs for 6 h, 24 h and 48 h, were subjected to immu-
nofluorescent staining using the primary antibody against
LC3, detailed in Supplementary Table 1. Cells grown in
serum-free medium for 48 h (starvation condition), were used
as positive control of autophagy. The percentage of LC3-posi-
tive cells (>3 punctate staining sites per cell) as well as the
number of LC3-stained vacuoles per positive cells was
obtained analyzing in a blinded fashion a minimum of 200
cells/sample by CLSM.2.9. Western Blot (WB) analysis of LC3 expression and
turnover
For WB analysis, exponentially growing cells were seeded at a
density of 6 · 104/cm2 and were maintained in culture for 24 h
before treatments. For starvation conditions culture media
was replaced with the same media without FBS. Cells were
treated with raw-DWCNTs at a concentration of 30 lg/ml or
subjected to starvation condition for 24 and 48 h. Lysosomal
turnover of endogenous LC3-II was analyzed in all samples
(Control, DWCNTs and starvation) in absence and in presence
of two lysosomal protease inhibitors, E64d (10 lg/ml) and Pep-
satin A (10 lg/ml) (Applichem GmbH, Germany). For total cell
extracts, cells were washed with ice-cold PBS and lysed using
RIPA buffer (20 mM Tris–HCl pH of 7.4, 150 mM NaCl, 5 mM
MgCl2, 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton X-
100, 20 mM NaF, 1 mM Na3OV4, 1 mM PMSF and 2% antipro-
tease cocktail (Sigma–Aldrich St. Louis, MO, USA). Protein
concentrations were determined using Bradford reagent
(Bio-Rad, Segrate, Italy); 30 lg of each cell extract was sepa-
rated by 12% SDS–PAGE and transferred to a PVDF membrane
(Immobilon-P, Millipore, Billerica, MA, USA). Blots were incu-
bated with rabbit monoclonal LC3B (Clone D11) (Cell Signaling
Technology Boston, MA, USA; working dilution 1:1000; Cat.#
3868) and with mouse monoclonal b-actin (Clone AC-15)
(Sigma–Aldrich St. Louis, MO, USA, 1:9000; Cat.# A5441) and
then revealed with peroxidase-conjugated secondary
antibodies (BioRad, Richmond, CA, USA). The ECL Detection
System (Amersham, Uppsala, Sweden) was used for detection
and Densitometric analysis was performed using the Image J
processing program. Values were normalized to b-actin and
were reported as relative amount of LC3-I and LC3-II (% vs
untreated control). Data were presented as the mean ± S.D.2.10. Fluorescent measurement of intracellular oxidative
stress
Intracellular ROS were determined with the probe 5-(and 6)-
carboxy-2’,7’-dichlorodihydrofluorescein diacetate, acetyl
ester (CM-H2DCFDA) (Molecular Probes, Eugene, OR, USA). Fol-
lowing exposure to 30 lg and 60 lg of raw DWCNTs, Co@C
particles and purified DWCNTs for 1 h, cells were washed
twice with PBS and incubated with 5 M CM-H2DCFDA in 154
medium without phenol red at 37 C and 5%CO2. Oxidative
conversion of CM-H2DCFDA to the fluorescent product was
assessed by flow cytometry using a FACSCalibur (Becton Dick-
inson, San Jose´, CA, USA). The CELL-QUEST softwarewas used
for analyzing the data. The median fluorescence intensity of
the probe, recorded for each sample, was used as the measure
of the intracellular content of ROS because it matches the
maximal number of cells with the highest fluorescence.2.11. Electrochemical instrumentation and measurements
The electrochemical experiments were carried out in a poly-
tetrafluoroethylene cell with a 6-mm-diameter aperture, and
an O-ring was placed on top of the substrates and tightened
using two connecting screws. The cell was also equippedwith
a platinum wire as counterelectrode and an Ag/AgCl (3 M KCl)
reference electrode. CNT films were obtained by drop-casting
15 lL of 1 mg/mL suspensions of CNTs in PBS buffer onto a
conducting indium tin oxide (ITO)-coated glass substrate
and by subsequent drying in air overnight. Cyclic voltamme-
try (CV) and electrochemical impedance spectroscopy (EIS)
experiments (in the frequency range from 100 kHz to 0.1 Hz)
were carried out with an Autolab model PGSTAT 30 (Eco
Chemie, Utrecht, The Netherlands).
2.12. Instrumental Neutron Activation Analysis (INAA)
3.2–5.1 mg of raw DWCNTs, Co@C, purified DWCNTs and
freeze-dried multielement standards solutions (Spectrosil
solutions used for Atomic Absorption Spectroscopy) were
sealed in polycarbonate vials and irradiated for 12 h in the
Lazy Susan position of TRIGAMARK II Research Nuclear Reac-
tor at LENA Laboratory of Universita` degli Studi di Pavia with a
thermal neutron flux of 5 · 1012 neutrons cm2 s1. After
3 days of decay the irradiated samples were submitted to high
resolution computer-based gamma ray spectrometry using a
HPGe detector to measure the produced radionuclides identi-
fied by their characteristic photon line emissions [26] 60Co:
1173.8 and 1332.6 keV; 59Fe: 1099.2 and 1291.6 keV; 99Mo:
140.5 keV and 69Zn: 438.6 keV. Release of cobalt from DWNTs
into culture medium: the cobalt concentration, determined
in milligram samples of DWNTs by INAA as previously
reported was: 3.9 ± 0.15% of the total mass by weight of nano-
tubes. Then, the radio-activated nanotube samples were used
for the release studies as detailed in Supplementary Methods.
2.13. Shift of potential of a dipole inside a conducting
cylinder
Three cases are considered in the solution of the Poisson
equation with the Green function expansion method [27] as
detailed in Supplementary Methods.
2.14. Statistical analysis
Statistical analysis was performed using the two-tailed
Student’s t test and a P value threshold of < 0.05. All data were
presented as mean ± SD.
3. Results
3.1. Characterization of Double-Walled-Carbon-Nanotubes
(DWCNTs)
Based on our previous findings [10–11] we investigated
whether another kind of nanotubes with metallic behavior
[28], Double-Walled-Carbon-Nanotubes, could positively and
selectively interact with tumor cells. We studied the biological
effects of raw-DWCNTs synthesized by Catalytic Chemical
Vapor Deposition (CCVD) [23] on rat colon adenocarcinoma
cells. Full characterization of these CNTs was performed by
Transmission Electron Microscopy (TEM), Raman Spectros-
copy and Elemental analysis (Fig. 1). The elemental analysis
(flash combustion) gave a carbon content of 89.4wt%. Raman
spectroscopy (k = 488 nm, not shown) gave a mean intensity
ratio between the D and G bands (4 measurements atdifferent places of the sample) of 5.5%, which corresponds
to very good structural quality. The raw sample contained car-
bon-encapsulated ferromagnetic cobalt nanoparticles (Co@C)
that were synthesized spontaneously during CCVD. The
nanoparticles, mainly ranging between 5 and 10 nm, were
tightly encapsulated by ordered carbon shells consisting of
2–3 graphene layers and protected from oxidation (Fig. 1). Ear-
lier investigations showed that the Co is tightly encapsulated
in the concentric graphene layers and does not get oxidized in
air [29].
3.2. Effects of raw-DWCNTs on viability, proliferation and
cell cycle of rat adenocarcinoma cells
The rat tumor DHD/K12/Trb cell line was challenged with
30 lg/ml of raw-DWCNTs (or of pyrolytic graphite particles
as reference), a concentration selected as the lowest effective
dose in preliminary dose–response experiments, and exam-
ined after 6 h and 24 h. Cell viability, proliferation and cycle
analyses were performed. Raw-DWCNTs induced a significant
(P = 0.0022) reduction in the number of viable cells (Fig. 2a),
and exerted an anti-proliferative effect on DHD/K12/Trb cells,
as demonstrated by the reduction of mitotic index (Fig. 2b;
significance: P = 0.0020) and of the percentage of cells exhibit-
ing nuclear positivity for Ki67 (Fig. 2c and Supplementary
Fig. S1a; significance: P = 0.0062), compared to controls.
The effects on the cell cycle, examined after 24 h of treat-
ment by flow cytometry, showed that raw-DWCNTs blocked
cells in G2/M phase (Fig. 2d). A higher percentage of cells
blocked in G2/M phase in raw-DWCNT treated cultures, com-
pared to the untreated controls, was also observed after the
immunofluorescent staining of Ki67, that has been reported
to localize at nucleolar level in the G2 interphase [24] (Supple-
mentary Fig. S2).
3.3. Assessment of apoptosis induction and influence on
Wnt/b-catenin signaling
The assessment of apoptosis induction, evaluated by TUNEL
assay after 6 and 24 h treatment, showed that apoptotic cells
were almost absent in cultures challenged with raw-DWCNT,
differently to that observed in cells treated with 4 lM Stauro-
sporine for 18 h, used as positive control of apoptosis induc-
tion (Fig. 2e and Supplementary Fig. S1b). In order to
understand the mechanism by which raw-DWNTs inhibit
cancer cell proliferation, without inducing apoptosis, we
analyzed if they affected the Wnt/b-catenin signaling path-
way, which deregulation or constitutive activation has a
key role in the initiation and progression of different forms
of human cancer [30]. The involvement of Wnt/b-catenin
pathway in the anti-proliferative effect of raw-DWCNTs
had been preliminary suggested by the immunocytochemi-
cal analysis that showed a nuclear export of the oncoprotein
ß-catenin and an increased expression of E-cadherin at the
cell–cell junctions, after the contact with raw-DWCNTs,
(Fig. 3a).
To confirm these observation, the transcription levels of b-
catenin gene and of the main target genes of the Wnt pathway,
namely E-cadherin, c-Myc and Cyclin-D1 were evaluated by
QPCR in cells treated with 30 g/ml raw-DWCNTs, at times
Fig. 1 – Characterization of raw-DWCNTs. Typical Raman spectra of (a) DWCNTs and (b) Co@C nanoparticles (boxes show the
results of elemental analysis of each sample obtained by Instrumental Neutron Activation Analysis (INAA); (c) representative
TEM image of DWCNTs, with an inset focusing on the Co@C by-product in these samples.
Fig. 2 – Effects of raw-DWCNTs on cell viability, proliferation, cycle and death in DHD/K12/trb cells. (a) Cell viability by Trypan
blue exclusion method. (b) Mitotic index (MI) evaluation; results are given as percentage of cells in mitosis. (c) Cell
proliferation evaluated by Ki67 immunofluorescent staining; results are given as percentage of cells exhibiting Ki67
positivity. (d) Cell cycle analysis by flow cytometry. (e) Apoptosis induction evaluated by TUNEL assay. Staurosporine was
used as positive control of apoptosis induction; results are given as percentage of cells exhibiting nuclear TUNEL staining. For
all assays, the quantitative assessment was done as described in the Methods section. Pyrolytic graphite particles were used
as reference.ranging from 1 h to 48 h. Our findings, showing that
raw-DWCNTs did not induce an early significant response of
the expression of b-catenin, E-cadherin, c-Myc and Cyclin D1
genes (Fig. 3b) did not confirm the effect of raw-DWCNTs on
Wnt/b-catenin signaling.3.4. Physical–chemical characterization of raw-DWCNTs
and influence on intracellular pH
The electrochemical behavior of raw-DWCNTs was evaluated
by performing Cyclic Voltammetry (CV) on the raw-DWCNT
Fig. 3 – Effects of raw-DWCNTs on the intracellular distribution of b-catenin and E-cadherin and on the transcription of Wnt/b-
catenin pathway genes in DHD/K12/trb cells. (a) CLSM representative images of intracellular distribution of b-catenin and E-
cadherin in control and raw-DWCNTs treated cells after 6 h and 24 h of culture; pyrolytic graphite particles were used as
reference. Merged images of E-cadherin (green hue) with PI nuclear staining (red hue) are shown. (b) Real time PCR analyzing
the transcription levels of b-catenin, E-cadherin, c-Myc, and Cyclin-D1 after 1, 2, 4, 6, 24 and 4 h of treatment. Results represent
the mean of two independent experiments using independent cells culture in each experimental setting. (A color version of
this figure can be viewed online.)sample on ITO (conducting indium tin oxide-coated glass
substrate). CV showed a redox peak, with E1/2 potential, at
70 mV, attributable to metallic impurities left over from
the catalyst used in the synthesis (Fig. 4a). Instrumental Neu-
tron Activation Analysis (INAA) showed that raw-DWCNTs
contained Co (%3.9 ± 0.15), Mo (%1.8 ± 0.2), Zn (ppm
221 ± 26), Fe (ppm 28 ± 3) (Fig. 1a). The analysis of Co ion
release from raw-DWCNTs into culture medium, using 60Co
(obtained by neutron activation) as tracer, showed limited
release of Co into RPMI culture medium (% of Co associatedto raw-DWNTs was 1.1–1.3% of the initial content before son-
ication and 2.1% after sonication). Such release data are
referred to the time (24 h) of cell treatment with DWCNTs.
Since the release could be a time dependent reaction-
controlled oxidative dissolution we cannot exclude that they
may vary over time in different experiments. Thus, based
on these results, and under our experimental conditions,
the peak could be conceivably assigned to the presence of
the ions inside the DWCNTs, an assignment that is further
supported by the lack of redox behavior of purified DWCNTs
Fig. 4 – Effect on the intracellular pH of DHD/K12/Trb cells and electrochemical behavior of raw-DWCNTs. (a) Cyclic
voltammetry of purified DWCNTs (red line), raw-DWCNTs (black line) and Co@C nanoparticles (green line). Scan rate
10 mV s-1, potential are reported versus Ag/AgCl. (b) Changes of intracellular pH evaluated using the LysoSensor Green
DND-189 probe, during the first 240 s after addition of raw-DWCNTs to cell culture medium. Fluorescence measurements
were performed by CLSM as described in the Methods; results are the mean of all regions of interest (ROIs) analyzed in
three separate experiments; control (Ctr Medium) consisted in cells after addition of culture medium alone.and by the same lack of redox activity observed for Co@C
particles (Fig. 4a), despite their high content of Co (Co%
20.3 ± 0.2), and the small but significant amount of Fe (Fe%
2.0 ± 0.3) (Fig. 1b).
In the working conditions, i.e., vs Ag/AgCl (3 M KCl), the
reduction potentials of Mo+3, Co+2, Fe+2, and Zn+2 are
0.40 V, 0.48 V, 0.64 V, and 0.98 V. These values are at
least half a Volt from the potential, 70 mV, observed. Part
of the shift might be assigned to small charged clusters of
few metal atoms, which are more easily reducible than the
corresponding metal ion. However, because of its large value
another mechanism must be in operation and needs to be
identified. For a charged particle inside a metallic cylinder
the electrostatic potential inside the tube can be obtained
by solving the Poisson equation. Isolated charges inside the
tube are unlikely to occur since the cautions will have a
nearby counter-ion. A dipole of length l and charges ±q can
represent the remnant of the catalyst. The CNTs used in the
present work are closed CNTs. Cobalt impurities, probably
in the form of charged clusters, are entrapped in the carbon
nanotubes and cannot leave. Their charge must be counter-
balanced. Oxygen-derived moieties can reasonably provide
electroneutrality. In practice a dipole is formed, polarize the
metallic carbon nanotube and changes its redox potential (a
sketch of the physical situation used in the calculations is
added in the Supplementary Fig. S3). The dipole induces a
charge on the surface of the tube and experiences an induced
electrostatic potential that can be calculated by applying the
Green function expansion method [27]. Different cases where
the dipole features, or position, are modified were considered
(Supplementary Fig. S3). If the dipole is located on the tube
axis, the induced potential increases with the length of the
dipole, until it reaches the maximum obtainable for two
isolated charges. For a dipole length of 4 A˚ made by twocharges each twice the electron charge, the extra potential
on the dipole is similar to that observed in the experimental
shift of the reduction potential, 0.6 V. As the dipole moves
from the axis toward the sidewall, the potential increases.
The alternative arrangement, where the dipole is perpendicu-
lar to the main axis generates lower induced potentials.
We investigated whether raw-DWCNTs were able to
induce intracellular pH changes, as previously demonstrated
for MWCNTs [10]; to this purpose, analysis of the intracellular
pH was performed by using the acidotropic probe LysoSensor
Green DND-189 [10] as described in Methods paragraph.
Measurements showed that raw-DWCNTs induced an acidifi-
cation of the intracellular compartment, due to the entry of
H+ ions into the cytoplasmic compartments, following the
contact of CNTs with cell membranes thus affecting the pH
homeostasis between intra- and extra-cellular microenviron-
ments (Fig. 4b).
3.5. Assessment of Co@C interaction with rat colon
adenocarcinoma cells and of intracellular ROS production
In addition, in order to verify whether the above described
effects of raw-DWCNTs on adenocarcinoma cells could be
attributed to Co particles, we evaluated the biological effects
of Co@C and purified DWCNTs on the same cells, by exploring
their ability to inhibit cell proliferation. The assessment of the
MI, of the cell proliferation marker Ki67 and of the number of
cells blocked in G2 phase revealed that neither Co@C particles
nor purified DWCNTs induced any effects on the proliferation
indexes (Fig. 5a and b). The potential to stimulate the ROS
production in cells was examined by assessing the fluores-
cent measurement of intracellular oxidative stress. Intracel-
lular ROS were determined by evaluating the oxidative
conversion of CM-H2DCFDA to the fluorescent product, after
Fig. 5 – Comparative analyses of the effects of raw-DWCNTs, Co@C particles and purified DWCNTs on DHD/K12/trb cells. (a)
Cell proliferation analyzed by immunofluorescent staining of Ki67; the percentage of cells in G2 phase was evaluated based
on Ki67 nucleolar localization. (b) Mitotic index evaluation after 6 h and 24 h treatment. (c) ROS production determined by
cytofluorimetric analysis using CM-H2DCFDA as fluorescent probe. (d) Cell morphology of DHD/K12/trb cells analyzed by
phase contrast microscopy after 48 h treatment with raw-DWCNTs, Co@C particles or purified DWCNTs. (A color version of
this figure can be viewed online.)exposure to 30 lg and 60 lg of raw-DWCNTs, Co@C particles
and purified DWCNTs for 1 h, as described in Methods. The
results showed that only raw-DWCNTs induced an early
significant production of ROS in cells in a dose-dependent
manner, as compared to Co@C particles and purified DWCNTs
(Fig. 5c).3.6. Assessment of raw-DWCNT ability to modulate
autophagy
The morphological observation performed by phase contrast
microscopy showed that, after 48 h treatment with 30 lg/ml
of raw-DWCNTs, cells presented numerous cytoplasmic and
perinuclear vacuoles (arrows in Fig. 5d), that were absent in
untreated control as well as in cells treated with pyrolytic
graphite particles (not shown). Conversely, the microscopic
analysis showed that both Co@C nanoparticles and purified
DWCNTs had no effects in inducing intracellular vacuoliza-
tion (Fig. 5d).
Thus, the hypothesis that the raw-DWCNT capacity to
inhibit tumor cell proliferation could occur by influencing
the autophagic activity of DHD/K12/Trb cells was investi-
gated. Autophagy was preliminary evaluated by analyzing
the redistribution at the level of cytoplasmic vacuoles and
lysosome-like structures of endogenous LC3. Cells, treated
with raw-DWCNTs for 6, 24 and 48 h, were subjected to LC3
immunofluorescent staining. As shown in Fig. 6a, after 48 h
of treatment, the number of LC3 positive vacuoles andFig. 6 – Induction of autophagic vacuoles in DHD/K12/trb cells b
evaluating the expression and redistribution at cytoplasmic vac
treatment with raw-DWCNTs. Cells grown in starvation conditi
show the merging of differential interference contrast (DIC), LC3
with PI (red hue). Quantitative assessment (bottom), was reporte
number of LC3-stained vacuoles per positive cells (dotted line).
(nonlipidated and lipidated forms, respectively). Lysosomal turn
(control, DWCNTs and starvation) after 24 and 48 h of culture in
inhibitors E64d and Pepsatin. Results from the densitometric ana
to b-actin and were reported as percent vs amounts in untreatedlysosome-like structures per autophagic cells, as well as the
percentage of autophagic cells, was about 2-fold higher in
raw-DWCNT treated cultures than in untreated control, but
lower to those recorded in cultures in which autophagy was
induced by starvation condition (growth in serum-free
medium).
In order to confirm the effect on autophagic activity
evidenced by confocal microscopy in our colon cancer cells,
we performed the analysis of the LC3-I and LC3-II (nonlipidat-
ed and lipidated forms, respectively) expression by Western
Blot (Fig. 6b). Lysosomal turnover of endogenous LC3-II was
analyzed in all samples (control, DWCNTs and starvation)
after 24 and 48 h of culture in absence and in presence of
the two lysosomal protease inhibitors E64d and Pepsatin.
Results reported in Fig. 6b, show that, after 24 h of culturey raw-DWCNTs. (a) Autophagy analysis performed by
uoles of the autophagy membrane marker LC3 after 48 h
on, were used as positive control of autophagy. Images (top)
immunofluorescent staining (green hue) and nuclei staining
d as percentage of LC3-positive cells (solid bar graph) and as
(b) Western Blot analysis of the expression LC3-I and LC3-II
over of endogenous LC3-II was analyzed in all samples
absence and in presence of the two lysosomal protease
lysis of LC3-I and LC3-II levels (bar graphs) were normalized
controls. (A color version of this figure can be viewed online.)
in absence of protease inhibitors, while endogenous LC3-II
significantly increased during starvation-induced autophagy
(3.14-fold higher vs Ctr), raw-DWCNTs induced a decrease of
the LC3 lipidated form, as compared to untreated control
(3.9-fold lower vs Ctr). Interestingly, when lysosomal turnover
of endogenous LC3-II was inhibited by E64d and Pepsatin,
LC3-II markedly accumulated in cells grown in serum-free
medium (2.6-fold of increment vs starvation without inhibi-
tors), coherently with autophagy induction, but a much
higher increase was recorded in raw-DWCNTs treated cul-
tures (8.9-fold of increment vs raw-DWCNTs without
inhibitors).
4. Discussion
Based on our previous findings [10–11] on the effects of elec-
tro-conductive MWCNTs on ‘‘charge-sensitive’’ cell functions,
we investigated whether another kind of metallic nanotubes,
Double-Walled-Carbon-Nanotubes, could positively and
selectively interact with tumor cells. We evaluated the biolog-
ical effects of raw-DWCNTs on rat colon adenocarcinoma
cells. In first instance, the effects of raw-DWCNTs on viability,
proliferation and cell cycle of rat adenocarcinoma cells were
investigated. A significant (P = 0.0022) reduction in the num-
ber of viable cells induced by raw-DWCNTs was observed.
Moreover, the mitotic index evaluation and the assessment
of Ki67 positivity demonstrated that raw-DWCNTs were able
to significantly reduce the proliferation rate of colorectal can-
cer cells and to block the cell cycle in the G2/M phase, strongly
suggesting that they selectively target cycling cells and spare
uncycling non tumoral cells. Furthermore, raw-DWCNTswere
not observed to induce cell apoptosis. No unambiguous
results on the induction of apoptosis by CNTs have been
reported. Single-Walled Carbon-Nanotubes (SWCNTs) were
showed to exert genotoxic effect in renal epithelial cells, to
induce growth arrest in G1 phase, apoptosis and DNA damage
[31–32]. CNTs were observed to affect the cell proliferation
rate as well as the cell cycle in monocytic cells and to induce
apoptosis in T lymphocytic cells [33–34]. MWNTs were
reported to interact with microtubules of human cancer cells
blocking mitosis and leading to cell death by apoptosis [35].
In order to deep the mechanisms by which raw-DWNTs
inhibit cancer cell proliferation, we analyzed their influence
on the Wnt/b-catenin signaling pathway, which deregulation
or constitutive activation has a key role in the initiation and
progression of different forms of human cancer [30]. Even if,
after raw-DWCNT treatment, we observed a nuclear export
of the oncoprotein b-catenin and an increased expression of
E-cadherin at the cell–cell junctions, suggestive of Wnt path-
way reversion, we did not recorded an early significant effect
on b-catenin, E-cadherin, c-Myc and Cyclin D1 genes, indicating
that this kind of CNTs not primarily affects the Wnt signaling.
Thus, we investigated whether the inhibition of tumoral
cell proliferation could occur through the stimulation of
autophagy, the cellular catabolic process by which cytoplas-
mic target material is transported to lysosomes for degrada-
tion. Autophagy in mammalian systems occurs under basal
conditions and can be stimulated by stresses like starvation,
pathologies, or treatment with pharmacological agents. Dys-
function in the autophagy pathway is implicated in infectiousdiseases as well as in cancer and neuro-degeneration. The
evaluation of autophagy was performed both by analyzing
the redistribution at the level of cytoplasmic vacuoles and
lysosome-like structures of endogenous LC3 by immunofluo-
rescence and by monitoring LC3-I and LC3-II (nonlipidated
and lipidated forms, respectively) by western blot. The per-
centage of autophagic cells, as well as the number of LC3
positive vacuoles per autophagic cells, was significantly
higher in raw-DWCNT treated cells than in untreated control
cells. The autophagic activity evidenced by confocal micros-
copy was not confirmed by the analysis of the LC3-I and
LC3-II by Western Blot. Different explanations could account
for these apparently contradictory results. First of all, quanti-
fication of autophagy by measuring LC3 by immunofluores-
cence can be more tedious, than monitoring LC3-II by
western blot; however, the former may be more sensitive
and quantitative [36], the numbers of LC3 positive puncta in
the cytoplasm, may reflect only a snapshot of the numbers
of autophagy-related structures (e.g., autophagosomes) in a
cell, and not the autophagic flux [36]; LC3-II also associates
with the membranes of non-autophagic structures. For exam-
ple, some members of the c-protocadherin family undergo
clustering to form intracellular tubules that emanate from
lysosomes. LC3-II is recruited to these tubules, that are not
associatedwith autophagic vesicles [37]. Even if the molecular
data on LC3 expression did not confirm the induction of
autophagy by raw-DWCNTs, the results obtained strongly
suggest that this kind of CNTsmight influence the autophagic
flux, increasing lysosomal turnover of endogenous LC3-II.
Several signaling pathways seem to regulate autophagy in
mammalian cells. The tumor acidic microenvironment can
significantly affect the activity of autophagy [38–43]. We
observed that raw-DWCNTs induced an acidification of the
intracellular compartment in rat tumor cells, due to the entry
of H+ ions into the cytoplasmic compartments. We hypothe-
sized that the direct effect on the induction of intra cellular
pH changes could be attributed to the cationic exchange
ability of electro conductive DWCNTs and to the sorption of
divalent ions on their surface [11,12,14], due to the ability of
CNTs to mediate electron transfer reactions with electro
active species in solution. Cyclic Voltammetry performed on
raw-DWCNTs showed a redox peak, attributable to metallic
impurities left over from the catalyst used in the synthesis.
Due to the limited release of Co into RPMI culture medium,
as showed by the analysis of the release of Co ions from
raw-DWCNTs into culture medium, we hypothesized that
the peak could be assigned to the presence of Co ions inside
the DWCNTs. Our hypothesis was further supported by the
lack of redox behavior of purified DWCNTs and by the same
lack of redox activity observed for Co@C particles, despite
their high content of Co. To confirm the experimental results,
we evaluated the biological effects of Co@C and purified
DWCNTs on rat adenocarcinoma cells, exploring their ability
to induce inhibition of cell proliferation and autophagy. No
effects on the induction of proliferation indexes by Co@C
and purified DWCNTs was observed, thus concurring with
the absence of redox behavior in these particles. In addition,
the autophagy analysis showed that both Co@C nanoparticles
and purified DWCNTs had no effects on the generation of vac-
uoles/autophagic cells. Finally, given the redox capacity of
raw-DWCNTs, we examined their potential to stimulate the
production of ROS in cell cultures. Only raw-DWCNTs were
shown to induce an early significant production of ROS in a
dose-dependent manner, as compared to Co@C particles
and purified DWCNTs. ROS control a wide range of cell sig-
nal-transduction pathways leading to cell survival, prolifera-
tion, and death and have recently begun to emerge as
important signaling molecules that regulate autophagic
activity [44,45]. Since autophagy is a well-known stress-
induced cellular survival mechanism, stimuli that trigger
ROS generation signaling pathways may in turn induce
autophagy [46–49].
Herewe show that redox active DWCNTs are able to inhibit
cancer cell proliferation, likely through the induction of ROS
generation and intracellular compartment acidification. The
influence on the autophagic flux would be in accordance to
the acidification of the intracellular compartment recorded
after raw-DWCNT treatment.
In conclusion, our results give preliminary evidence sug-
gesting that raw-DWCNTs are able to affect the autophagic
machinery, thus influencing a pathway critical for cancer cell
survival. Currently, autophagy is one of the latest targets
investigated for a growing number of anticancer drugs [50],
and circumstantial support exists for the concept that
autophagy may act as a tumor-suppressor pathway. In gen-
eral, there is a positive correlation between molecules that
induce autophagy and tumor suppression, and between mol-
ecules that inhibit autophagy and tumor progression [51].
However, the role of autophagy in regulating cancer cell death
or survival has not been fully elucidated yet. When cancer
cells are subjected to unfavorable conditions, such as
nutrient-deficient environment or treatment with anticancer
drugs, autophagy is rapidly upregulated to function as a cyto-
protective mechanism which enhances cancer cell survival,
and may contribute to the resistance to anticancer therapies.
It has also been shown that when cells with defects in apop-
tosis are subjected to metabolic stress, they activate autoph-
agy to survive. Inhibition of autophagy triggers a necrotic
pathway leading to cell death. In solid tumors, this necrosis
is associated with inflammation, which creates a microenvi-
ronment favoring survival and increasing proliferation of a
small population of damaged cells. The final effect of this pro-
cess is that inhibition of autophagy leads to the enhancement
of tumor growth [52,53]. From this point of view, the under-
standing of the mechanisms regulating the interplay between
DWCNTs and cancer cells could lead to the exploitation of
carbon nanotubes as next generation of nanomaterials pos-
sessing intrinsic properties of anticancer therapeutic tools.
Further studies should be performed to elucidate the molecu-
lar mechanism/s underlying the observed phenomenon.
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